Nonadiabatic effects are ubiquitous in physics, chemistry and biology. They are strongly amplified by conical intersections (CIs) which are degeneracies between electronic states of triatomic or larger molecules. A few years ago it has been revealed that CIs in molecular systems can be formed by laser light even in diatomics. Due to the prevailing strong nonadiabatic couplings, the existence of such laser-induced conical intersections (LICIs) may considerably change the dynamical behavior of molecular systems. By analyzing the photodissociation process of the D + 2 molecule carefully, we found a robust effect in the angular distribution of the photofragments which serves as a direct signature of the LICI providing undoubted evidence for its existence.
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It is well known that conical intersections (CIs) are widely recognized to be ubiquitous in polyatomics, and to play an important role in several different fields like spectroscopy, chemical reaction dynamics, photophysics, photochemistry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . At CIs the nuclear and electronic motions couple strongly, giving rise to often unexpected -so-called nonadiabatic -phenomena. The nonadiabatic coupling matrix elements between electronic states are the largest possible at CIs where they become singular 3 . Therefore, one expects that such intersections give rise to the strongest possible nonadiabatic phenomena. It was demonstrated for a variety of examples that conical intersections provide the mechanism for ultrafast chemical processes as, e.g. photodissociation, photoisomerization and internal conversion to the electronic ground state [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Clearly, the CIs must be considered as photochemically relevant decay channels. The presence of CIs in biomolecules, like the building blocks of DNA and proteins contribute to the photostability of these important molecules. CIs can be formed between different electronic states starting from triatomic systems to truly large polyatomic molecules. Several important books, review articles and publications have documented the existence and relevance of such intersections [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
CIs can exist only if the molecular system possesses at least two independent nuclear degrees of freedom. This is why diatomics which have only one nuclear vibrational coordinate cannot exhibit a CI. Importantly, this statement only holds in field free space, a fact which has been generally overlooked. When a laser field is present, then due to the interaction of the diatomic with this field, the rotational degree of freedom comes into play and serves as an addi-tional degree of freedom. It was revealed in earlier studies 21, 22 that CIs can be induced both by running or standing laser waves even in diatomics. Interestingly, in the standing wave case also the position of the center of mass becomes a new degree of freedom in addition to the nuclear vibrational and rotational motions. In order to demonstrate how the rotation supplies the necessary degree of freedom to facilitate the shaping of a CI in the general case of propagating laser waves, one may adopt the dressed state representation 68, 69 . In this picture the molecule-light interaction is explicitly included into the Hamiltonian, and the changes of nuclear dynamics due to the light field can be considered as originating from the appearance of a "light-induced conical intersection" (LICI) 22 . The laser frequency determines the position of the LICI, while the laser intensity determines the strength of the nonadiabatic couplings. Our results in the last few years undoubtedly demonstrated that LICIs exert strong effects on the quantum dynamics even for weak laser fields [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The present study goes beyond previous investigations and makes an attempt to provide and analyze a physical event which may serve as an undoubted evidence of the laser-or lightinduced conical intersection (LICI), giving a "direct signature" of the presence of this intersection. It is known in the field of nonadiabatic molecular dynamics that due to the extreme breakdown of the Born-Oppenheimer approximation, conical intersections are responsible for ultrafast radiationless processes, typically on the femtosecond time scale. They provide pathways for extremely fast population transfer between electronic states. This latter effect is probably the most important inherent feature of the CIs. Nevertheless, until now one could not find an unambiguous experimentally measurably quantity which reflects directly this population transfer between electronic states for a LICI. The present work discusses a physical process, where an ultrafast population transfer takes place between the electronic states of a diatomic molecule, providing direct evidence for the existence of the LICI. The photodissociation process of the D + 2 molecule serves as a show case physical example. This molecule has already been studied in vast amount of works , mainly because of its simplicity. It has the advantage that we can compute it accurately and easily study the light-induced nonadiabatic phenomena separately from other phenomena.
It is important to note that recently, motivated by theoretical predictions on the LICIs in diatomics, experiments on the laser-induced isomerization and photodissociation of polyatomic molecules were qualitatively interpreted using the concept of LICIs 57, 58 . Furthermore, theory devoted to generalize the LICI phenomenon for polyatomics has been derived showing the large potential of LICIs in controlling reactions 59 .
Description of the system. The two relevant electronic states of the D + 2 ion (see Fig. 1 ), which will be considered in the calculations are the ground (V 1 = 1sσ g ) and the first excited (V 2 = 2pσ u ) eigenstates of the field-free Hamiltonian. For describing the dissociation mechanism we assume that initially the D + 2 ion is in its ground electronic (1sσ g ) as well as in its ground rotational state and in one of its vibrational eigenstates (see Fig. 1 ). Exciting the electronic ground state by a resonant laser pulse to the repulsive 2pσ u state, the two electronic states are resonantly coupled. The nonvanishing dipole matrix elements are responsible for the light-induced electronic transitions. Within these two electronic states representation the total time-dependent Hamiltonian for the rovibronic nuclear motion reads
Here, R and (θ , ϕ) are the molecular vibrational and rotational coordinates, respectively, µ is the reduced mass, and L θ ϕ denotes the angular momentum operator of the nuclei. Here θ is the angle between the polarization direction and the direction of the transition dipole and thus one of the angles of rotation of the molecule. V 1 (R) (1sσ g ) and V 2 (R) (2pσ u ) are the potential energies of the two electronic states coupled by the laser (whose frequency is ω L and amplitude is ε 0 ), f (t) is the envelop function and d(R) = − ψ e 1 ∑ j r j ψ e 2 is the transition dipole matrix element (e = m e =h = 1; atomic units are used throughout the article). We used the quantities V 1 (R) and V 2 (R) and d(R) published in 60, 61 .
Light-induced conical intersection (LICI).
In the dressed representation the laser light shifts the energy of the 2pσ u repulsive excited potential curve byhω L and a crossing between the ground (V 1 ) and the shifted excited (V 2 −hω L ) potential energy curves is created. By diagonalizing the potential energy matrix 23 one obtains the adiabatic potential surfaces V lower and V upper (Fig. 1 ). These two surfaces cross each other at a single point R, θ , giving rise to a conical intersection whenever the conditions cos θ = 0 (θ = π/2) and V 1 (R) = V 2 (R) −hω L are simultaneously fulfilled 22 .
The characteristic properties of the LICI, i.e., the location of the intersections and the strengths of the nonadiabatic couplings, can be directly controlled by the laser frequency and intensity. This opens the possibility to control the nonadiabatic effects emerging from the LICIs. To demonstrate the impact of the LICI on the photodissociation dynamics of D Methods. The MCTDH (multi configuration time-dependent Hartree) method was used to solve the TDSE [63] [64] [65] [66] [67] . It is one of the most efficient approaches for solving the TDSE. 
In the actual simulations N R = 2048 and N θ = 199 were used. On both diabatic surfaces and for both degrees of freedom a set of n R = n θ = 20 single particle functions were applied to construct the nuclear wave packet of the system. The calculations converged properly by using these chosen parameters. Using the solution of equation (2) one can calculate the angular distribution of the photofragments 65 :
where −iW θ j is the projection of the complex absorbing potential (CAP) on a specific point of the angular grid ( j = 0, ..N θ ), and w j is the weight related to this grid point according to the applied DVR. Interatomic distance, R (a.u.) 
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Let us study first the 1d curves in Fig. 2 . For the case of ν = 4 vibrational level the dissociation rate decreases monotonically as a function of θ and is very close to the value of 1 up to θ = 5π/12. This is related to the fact that the energy of this vibrational level is just above the energy of the LICI and, therefore, most of the initial wavepacket belongs to the lower dissociative adiabatic surface and can easily dissociate. For larger ν the 1d dissociation rate curves display one or two (ν = 7) local maxima as a function of the angle θ . This behavior is related to the accidental increase of the so -called bond hardening effect 62 at particular wavelengths and intensities of the laser field 34 . The 1d dissociation rate predicts a significant bond hardening effect for ν = 5 and ν = 7, even at the parallel orientation of the molecules. In a Gaussian laser pulse the field rises smoothly and independently of the peak intensity starts to interact with the molecular system at weak intensities, and therefore the initial populations on the lower and on the upper adiabatic surfaces are determined by the behavior of the system at low intensities. In our earlier work 29 , it was shown for the ν = 5 and ν = 7 initial vibrational levels that the λ L = 200 nm wavelength leads to a close to an "ideal" bond hardening case at weak intensities. This is the reason why we find here an significant bond hardening effect up to 1 × 10 14 W cm 2 field intensities at this wavelength. Let us now turn to the 2d results. For the initial ν = 4 vibrational eigenstate, the 2d curve (see Fig. 2a ) is related to the 1d one as one can expect it from the well known light induced potential picture 35 . The differences arise due to our finding that the laser light not just drives the dissociation process, but also starts to rotate the molecules. As a result the dissociation rate decreases at large θ angles and at the same time increases at the small values of θ . As the induced rotation towards the polarization direction of the electric field creates rotational nodes, the angular distribution of the dissociation rate is further affected by the appearance of additional structures 28 .
For the ν = 6 vibrational level (see Fig. 2c ) the increase of the dissociation rate at small angles is not accompanied by its decrease at orientations close to the direction perpendicular to the polarization axis. Actually, very close to θ = π/2 the dissociation rate in 2d is slightly larger than in 1d. This may be interpreted as follows. The population of the upper adiabatic surface is rotated by the electric field into this direction and later on this extra population can dissociate by population transfer to the lower adiabatic surface in the vicinity of the LICI.
From this explanation we may expect more pronounced effects for the ν = 5 and ν = 7 cases, where the bond hardening is more effective as concluded from the study in 1d. Indeed, in these cases the 2d dissociation rates in Fig. 2 exhibit large peaks around θ 11π/24, whose heights are one (ν = 7) or even two (ν = 5) orders of magnitude larger than the corresponding dissociation rates in the 1d calculations. This characteristic structure of the 2d curves in this angle region can not be explained without the strong nonadiabatic effect due to the existence of the LICI. The peaks displayed on the 2d curves are direct fingerprints of the existence of the laser-induced conical intersection in the studied system. We note here that such peaks can also be seen at smaller intensities (1×10 13 W cm 2 , 3×10 13 W cm 2 ), but in less pronounced form. To understand the underlying dynamical process more deeply, we analyzed the nuclear
Snapshots of the nuclear wave packet density functions are shown in Fig. 3 . After the pulse is over (t = 52 f s, Fig.   3h ) we can identify three peaks -on both sides of the symmetry axis θ = π/2 -in the region of interest 11π/24 θ 13π/24 of the outgoing wavepacket. These peaks -especially the most right one -are clearly responsible for the characteristic structure of the huge excess in the dissociation probability close to θ = π/2. Their "leading edge" are labeled by "a", "b" and "c" on the subfigures whenever they are recognizable.
In what follows we study the time evaluation of the nuclear density in order to see the origin of these peaks. It can be seen that at t = −30 f s (Fig. 3a) the molecules start to dissociate on the lower adiabatic surface. This process evolves in time, but at t = −10 f s one can clearly recognize also the fingerprint of the rotational motion induced on the upper surface (see the arrow in Fig. 3b ). At t = 0 f s (Fig. 3c , labeled by "a") tracks show up that an additional dissociation process starts close to θ = π/2, presumably from the upper adiabatic surface. From t = 15 f s (Fig. 3e) on it is clearly seen that additional dissociation takes place continuously, and from t = 20 f s (Fig. 3f) on the dissociated fragments explicitly appear in the dissociation region (R > 5a.u.). The much less populated "b" and "c" peaks appear for the first time on subfigures Fig. 3e and Fig. 3g , respectively.
The last snapshot displays the results of the 1d simulation at t = 52 f s, the same time as in Fig. 3h for the full 2d calculation. The dynamics during the initial time period, when the instantaneous intensity is low, are very similar in both the 1d and 2d models. After reaching the maximum intensity, however, two significant differences can be observed. The first one is, as expected, the unequivocal fingerprint of the presently discussed nonadiabatic effect leading to a strong enhancement of fragment density near θ = π/2 in the 2d model, while the second one is the appearance of interference patterns in the 2d model. As both effects rely on the dissociation of those molecules which have been previously rotated by the field, the 1d model is unable to account for them. On the other hand, it is not surprising that at the beginning of the dissociation process, when the rotation develops slowly, the 1d and 2d approaches lead to the similar smooth behavior in the dissociation region. 
